The first study of φ-meson production in p-Pb collisions at forward and backward rapidity, at a nucleonnucleon centre-of-mass energy √ s NN = 5.02 TeV, has been performed with the ALICE apparatus at the LHC. The φ-mesons have been identified in the dimuon decay channel in the transverse momentum (p T ) range 1 < p T < 7 GeV/c, both in the p-going (2.03 < y < 3.53) and the Pb-going (−4.46 < y < −2.96) directions -where y stands for the rapidity in the nucleon-nucleon centre-of-mass -the integrated luminosity amounting to 5.01 ± 0.19 nb −1 and 5.81 ± 0.20 nb −1 , respectively, for the two data samples. Differential cross sections as a function of transverse momentum and rapidity are presented. The forward-backward ratio for φ-meson production is measured for 2.96 < |y| < 3.53, resulting in a ratio ∼ 0.5 with no significant p T dependence within the uncertainties. The p T dependence of the φ nuclear modification factor R pPb exhibits an enhancement up to a factor 1.6 at p T = 3-4 GeV/c in the Pb-going direction. The p T dependence of the φ-meson cross section in pp collisions at √ s = 2.76 TeV, which is used to determine a reference for the p-Pb results, is also presented here for 1 < p T < 5 GeV/c and 2.5 < y < 4, for a 78 ± 3 nb −1 integrated luminosity sample.
Introduction
Proton-nucleus (p-A) collisions are of special interest in the context of high-energy nuclear physics for two reasons. On one hand, a precise characterisation of particle production processes in p-A collisions is needed as a reference for nucleus-nucleus data. This allows in-medium effects -linked to the formation of a deconfined phase of the QCD matter, the quark-gluon plasma (QGP) [1] [2] [3] -to be disentangled from the effects already present in cold nuclear matter. Among them, a sizeable role is played by the transverse momentum broadening of initial-state partons due to multiple scattering inside the nucleus, responsible for the Cronin effect [4] , which may lead to an enhancement of intermediate-p T hadron spectra. In addition, p-A collisions at LHC energies provide a way to probe the parton distributions of the colliding nucleus at small values of Bjorken-x, in a regime where parton densities can reach saturation [5, 6] . In particular, the smallest x values contributing to the wave function of the colliding nucleus can be probed by looking at particle production at large rapidities, in the p-going direction. Such a measurement can thus extend towards lower x-values the results of the lowerenergy measurements by the PHOBOS and BRAHMS experiments at RHIC [7, 8] . Measurements of identified particle production may, E-mail address: alice-publications@cern.ch.
in particular, provide useful constraints for forthcoming theoretical studies of the saturation mechanism at small x.
We have already reported results on charged particle production in p-Pb collisions at mid-rapidity. These results focused on the pseudorapidity density [9] and the p T dependence of the nuclear modification factor [10] [11] [12] ; the latter was found to be consistent with unity for p T 2 GeV/c. The nuclear modification factor of charged hadrons was also studied by the BRAHMS and PHOBOS Collaborations in d-Au collisions at the nucleon-nucleon centreof-mass energy In this Letter we report the measurement of φ-meson production at forward rapidity in p-Pb collisions at √ s NN = 5.02 TeV in the transverse momentum (p T ) range 1 < p T < 7 GeV/c, for the centre-of-mass rapidity ( y) ranges 2.03 < y < 3.53 (p-going direction) and −4.46 < y < −2.96 (Pb-going direction), in the dimuon decay channel with the ALICE detector. This measurement extends the investigation of light-flavour particle production to forward rapidity. At the same time, it represents an essential baseline for the understanding of φ production in heavy-ion collisions, where an enhancement of strange particle yields relative to the ones measured in pp collisions has been proposed long ago as a signature of the formation of a QGP phase [15] [16] [17] triggering an intense experimental effort already at SPS and RHIC energies [18] [19] [20] [21] [22] [23] [24] . It should be noted that, despite its hidden strangeness, producing a φ-meson in a hadronic collision still implies the creation of a ss pair as it is the case for other strange hadrons, even if the hadronisation mechanisms can differ in reason of the different quark composition. In this context, the p-Pb data presented here will provide an important reference for future measurements in Pb-Pb collisions in the LHC Run 2, which will be performed at a comparable energy.
The differential φ-meson cross section as a function of transverse momentum is also presented for pp collisions at √ s = 2.76 TeV. This measurement complements the ALICE results on φ-meson production in pp collisions at √ s = 7 TeV, already reported in [25] and, combined with the latter, is used to build the pp reference for the p-Pb measurements presented here.
Experimental setup
A full description of the ALICE detector can be found in [26, 27] . The results presented in this Letter have been obtained detecting muon pairs with the muon spectrometer, covering the pseudorapidity region −4 < η lab < −2.5. Here and in the following, the sign of η lab is determined by the choice of the LHC reference system.
The other detectors relevant for the analysis are the Silicon Pixel Detector (SPD) of the Inner Tracking System (ITS), the V0 detector and the Zero Degree Calorimeters (ZDC).
The elements of the muon spectrometer are a hadron absorber, followed by a set of tracking stations, a dipole magnet, an iron wall acting as muon filter and a set of trigger stations. The hadron absorber is made of carbon, concrete and steel and is placed 0.9 m away from the interaction point. Its total material budget corresponds to 10 hadronic interaction lengths. The dipole magnet provides an integrated magnetic field of 3 T · m in the vertical direction. The muon tracking is provided by five tracking stations, each one composed of two cathode pad chambers. The first two stations are located upstream of the dipole magnet, the third one in the middle of its gap and the last two downstream of it. A 1.2 m thick iron wall, corresponding to 7.2 hadronic interaction lengths, is placed between the tracking and trigger detectors and absorbs the residual secondary hadrons emerging from the hadron absorber. The hadron absorber together with the iron wall stops muons with total momentum lower than ∼ 4 GeV/c. The muon trigger detector consists of two stations, each one composed of two planes of resistive plate chambers, installed downstream of the muon filter.
The SPD consists of two silicon pixel layers, covering the pseudorapidity regions |η lab | < 2.0 and |η lab | < 1.4 for the inner and outer layer, respectively. It is used for the determination of the primary interaction vertex position. The V0 is composed of two scintillator hodoscopes covering the pseudorapidity regions 2.8 < η lab < 5.1 and −3.7 < η lab < −1.7. It is used in the definition of the minimum bias trigger signal, and allows the offline rejection of beam-halo and beam-gas interactions to be performed. The ZDC detectors, positioned symmetrically at 112.5 m from the interaction point, are used to clean the event sample by removing beam-beam collisions not originating from nominal LHC bunches.
Data selection and signal extraction
The analysis presented in this Letter is based on two data samples, collected by ALICE during the 2013 p-Pb and pp runs at √ s NN = 5.02 TeV and √ s = 2.76 TeV, respectively. In this section we present the details of the data selection, as well as the procedure followed for the extraction of the φ-meson signal.
Data selection
The Minimum-Bias (MB) trigger for the considered data sample is given by the logical AND of the signals in the two V0 detectors [28] . Events containing a muon pair are selected by means of a specific dimuon trigger, based on the detection of two muon candidate tracks in the trigger system of the muon spectrometer, in coincidence with the MB condition. Due to the intrinsic momentum cut imposed by the detector, only muons with p T 0.5 GeV/c manage to leave a signal in the trigger chambers.
Because of the different energy of the LHC proton and Pb beams (E p = 4 TeV, E Pb = 1.58 A · TeV), in p-Pb collisions the nucleonnucleon centre-of-mass moves in the laboratory with a rapidity y 0 = 0.465 in the direction of the proton beam. The directions of the proton and Pb beam orbits were inverted during the p-Pb data taking period. This allowed the ALICE muon spectrometer to access two different rapidity regions 1 : the region 2.03 < y < 3.53 where the proton beam is directed towards the muon spectrometer (p-going direction) and the region −4.46 < y < −2.96 where the Pb beam is directed towards the muon spectrometer (Pb-going direction). In the following, these two rapidity ranges are also referred to as "forward" and "backward", respectively. For pp collisions at √ s = 2.76 TeV the muon spectrometer covers the rapidity region 2.5 < y < 4. Track reconstruction in the muon spectrometer is based on a Kalman filter algorithm [25, 33, 34] . Muon identification is performed by requiring the candidate track to match a track segment in the trigger chambers (trigger tracklet). This request selects muons with p T,μ 0.5 GeV/c and, as a consequence, significantly affects the collected statistics for dimuons with invariant mass 1 GeV/c 2 and p T 1 GeV/c. It is also required that muon tracks lie in the pseudorapidity interval −4 < η μ < −2.5, where η μ is defined in the laboratory frame, in order to remove the tracks close to the acceptance borders of the spectrometer, where the acceptance drops abruptly. Selected tracks are finally required to exit the hadron absorber at a radial distance from the beam axis, R abs , in the range 17.6 < R abs < 89.5 cm: this cut, for all practical purposes equivalent to the one on η μ , explicitly ensures the rejection 1 The sign of y is defined by assuming the proton beam to have positive rapidity. 2 In this case the sign of y is defined by assuming the proton beam entering the muon spectrometer to have positive rapidity. Fig. 1 . Dimuon mass spectrum after combinatorial background subtraction: p T -integrated pp sample (top panels) and p T -integrated p-Pb sample in the backward (centre panels) and forward (bottom panels) rapidity regions, compared to the result of the hadronic-cocktail and the empirical-function fits (left-and right-column panels, respectively). Error boxes on data points (well visible only in some regions on the plots) represent the systematic uncertainty due to the combinatorial background subtraction, while error bars account for the statistical uncertainty. The width of the hadronic-cocktail fit result (red band) combines the statistical uncertainties of the free fit parameters with the systematic uncertainties on the fixed parameters (see text). (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)
of tracks crossing the region of the absorber with the highest density material, where multiple scattering and energy loss effects are large and can affect the mass resolution. Muon pairs are built combining two muon tracks that satisfy the above cuts.
Signal extraction
The Opposite-Sign (OS) muon pairs are composed of correlated and uncorrelated pairs. The former contain the signal of interest for the present analysis, while the latter -mainly coming from semi-muonic decays of pions and kaons -form a combinatorial background. The contribution of the combinatorial background to the OS mass spectrum was evaluated using an event mixing tech- OS mass spectrum and the associated combinatorial background is presented in [35] , for each of the p T intervals considered in the analysis. The invariant mass spectra in pp and p-Pb collisions, obtained after combinatorial background subtraction, are shown in Fig. 1 for the p T -integrated samples. In the left-column panels of Fig. 1 , the signal is described in the low-mass region (from the threshold When describing the signal with the superposition of the aforementioned contributions, four parameters are adjusted in the fit procedure in each of the p T or rapidity intervals considered in the analysis: the yield of the η, ω and φ-mesons, and the one of the open charm and beauty processes, with the relative beauty/charm contribution fixed (see later in this paragraph). In this way, each parameter is linked to a process dominating in at least one region of the considered mass spectrum. The remaining degrees of freedom are fixed either according to the relative branching ratios known from literature [38], or assuming specific hypotheses on the cross section ratios. In particular, the production cross section of the ρ-meson is assumed to be the same as for the ω as suggested from both models and pp data [25] , while the η contribution was derived from the η cross section by applying the ratio of the corresponding cross sections σ η /σ η = 0.3 taken from the PYTHIA tunes ATLAS-CSC and D6T which best describe the available lowmass dimuon measurements at the LHC energies [25] . The open beauty normalisation is fixed to the open charm one via a fit of the p T -and rapidity-integrated mass spectra in which the yields from both processes are free parameters; when performing differential studies, the beauty/charm ratio is scaled according to the differential distributions for the two processes, given by the Monte Carlo (MC) simulations. The total systematic uncertainty on the signal extraction was taken as the quadratic sum of the above sources. The systematic uncertainty on the combinatorial background is estimated by comparing the shape of the Like-Sign dimuon contributions coming from the event mixing procedure and from the raw data [25] . This uncertainty depends on the mass, its relative contribution being maximal in the mass window 0.5-0.8 GeV/c 2 and minimal around the φ-meson peak, and it is added in quadrature, for each point of the mass spectrum, to the statistical uncertainty of the signal: in this way, this source of systematics is accounted for by the χ 2 minimisation procedure, and automatically propagated when evaluating the φ-meson raw signal from the fit parameters. The uncertainty associated to the sum of the MC sources (red band in the leftcolumn plots of Fig. 1 ) is evaluated by combining the uncertainties on the normalisation of each considered process. For the processes whose normalisation is left free in the fit, this uncertainty is the statistical one resulting from the fit procedure itself; for the rest of the processes, we also propagate the systematic uncertainty on the parameters (branching ratios or cross section ratios) which fix their normalisations to those of the free processes.
Results
The results of the φ-meson analysis are presented as follows.
We first present the measurement of the production cross sections, starting with its p T -dependence in pp collisions at √ s = 2.76 TeV, followed by p-Pb collision results as a function of p T and rapidity. Then, we show the ratio of the cross sections measured in the forward and backward regions, obtained in the common rapidity interval 2.96 < |y| < 3.53. Finally, the measurement of the nuclear modification factor R pPb as a function of p T is presented, separately for the p-going and the Pb-going directions.
Production cross section in pp and p-Pb collisions
The cross section σ φ was evaluated for each p T and rapidity interval as:
, where x stands for any specific p T or rapidity interval considered. The total systematic uncertainty on N raw φ→μμ (x), after combining the different sources described above, ranges between 3% and 8% depending on the collision system and kinematic range. The branching ratio B R φ→μμ was taken from [38] as the average (weighted by the corresponding uncertainties) of the available measurements of B R φ→μμ and B R φ→ee , assuming lepton universality, resulting in a final uncertainty of approximately 1%. The product of the geometrical acceptance A and the reconstruction efficiency ε has been evaluated by means of MC simulations, using the cocktail predictions for the differential input spectra. The values are obtained as the ratio between the number of dimuons at the output of the reconstruction chain -including the effect of the event selection criteria imposed on the data -and the number of dimuons injected as input.
The uncertainty on [A · ε] mainly originates from the systematic uncertainty on the dimuon tracking and trigger efficiencies. The systematic uncertainty on the tracking efficiency, amounting to 6% and 4% for the backward and forward rapidity regions, respectively, comes from the residual differences between the results of the efficiency-determination method based on reconstructed tracks [29, 40] , applied to both data and MC. For the systematic uncertainty on the trigger efficiency, we also refer to the procedure discussed in [29] , resulting in an uncertainty of 3.2% and 2.8%, respectively, for the backward and forward rapidity regions considered in the analysis. In order to test possible additional systematic effects related to the hardware trigger p T cut, imposing a non-sharp threshold around 0.5 GeV/c, the analysis was repeated with the additional offline sharp cuts p T,μ > 0.5 GeV/c and p T,μ > 1 GeV/c on single muons. For each of the two alternative scenarios, the corresponding measurement of the φ-meson cross section was compared to the one coming from the reference analysis: the difference between the results was found to be smaller than the quadratic difference of the statistical uncertainties, showing that no significant bias related to the trigger threshold affects the results [41] .
The reported values correspond to a zero-polarisation scenario for the 2-body decay of the φ-meson, in the absence of evidence supporting less trivial assumptions (in particular, no measurement of φ-meson polarisation is currently available at the LHC energies).
Production cross section in pp collisions
The inclusive, p T -differential φ-meson cross section in pp collisions at √ s = 2.76 TeV is shown in Fig. 2 . The data points, also summarised in Table 1 1 p T dN dp T
where m T = p The systematic uncertainties for this measurement are summarised in Table 2 .
Production cross section in p-Pb collisions
The φ cross section as a function of p T in p-Pb collisions is shown in Fig. 3 for the forward and backward rapidity regions considered in the analysis. The results, also reported in Table 3 at mid-rapidity [9] . Averaging over the available p T range, the discrepancy between the data and the predictions from HIJING and DPMJET amounts to ∼ 18% and ∼ 57%, respectively, at backward rapidity (the Pb-going direction) and ∼ 5% and ∼ 9.5%, respectively, at forward rapidity (the p-going direction). In all the cases, the generators underestimate the data points.
The φ cross section in p-Pb collisions, integrated over the accessible p T range, 1 < p T < 7 GeV/c, is shown as a function of rapidity in Fig. 4 . The data points, also summarised in Table 4 , exhibit a significant asymmetry between the forward and backward rapidity regions. The data point from the φ-meson analysis at mid-rapidity in the K + K − channel [51], also shown for the 1 < p T < 7 GeV/c p T range, fits well into the trend defined by the two series of points in the backward and forward rapidity regions. This observation complements the previous measurements of light-flavour particle production (charged unidentified particles) reported in p-Pb by ALICE at the LHC at mid-rapidity [9] , and in d-Au by PHOBOS at RHIC ranging from mid to forward rapidity [14] . The comparison between the data and the predictions by Table 4 Production cross section for the φ-meson in p-Pb collisions at √ s NN = 5.02 TeV, as a function of rapidity, integrated over the range 1 < p T < 7 GeV/c. The first uncertainty is statistical and the second is the bin-to-bin uncorrelated systematic. The bin-to-bin correlated relative systematic uncertainty is 3.6% and 3.9%, respectively, for the backward and the forward regions. HIJING and DPMJET, illustrated in Fig. 4 , clearly shows how the models -which successfully described charged particle production at mid-rapidity in the same collision system [9] -fail to properly reproduce the shape and the normalisation of the observed rapidity dependence of the φ cross section. Still, the HIJING prediction qualitatively reproduces the forward-backward asymmetry observed in the data, as well as -ignoring the normalisationthe shape of the y-dependence in the backward region. DPMJET, on the contrary, fails to reproduce even qualitatively the observed forward-backward asymmetry.
Forward-backward ratio in p-Pb collisions
To establish a more direct comparison of the cross section in the p-going and Pb-going directions, σ pPb φ was extracted as a func- tion of p T in the common |y| range 2.96 < |y| < 3.53. The p T interval 1.0 < p T < 1.5 GeV/c was discarded in this measurement because of the poor statistics available in this limited rapidity range, resulting in an uncertainty larger than 50%.
The ratio between the forward and backward cross section, R FB , is shown as a function of p T in Fig. 5 . The data points exhibit no significant p T dependence within the experimental uncertainties. Predictions by HIJING and DPMJET are also shown, with HIJING slightly overestimating the data points and DPMJET clearly failing to reproduce the observed values, staying above R FB = 1 in the whole p T range considered here. This observation is consistent with the observations in Fig. 4 , where the forwardbackward asymmetry of the φ-meson yield was better reproduced by HIJING than by DPMJET.
Nuclear modification factor in p-Pb collisions
The φ-meson nuclear modification factor R pPb is defined as the ratio between the production cross section σ on the interpolated cross sections arises from the choice of the function used for the interpolation, from the uncertainties in the measurements at 2.76 and 7 TeV, and -for p T > 5 GeV/c -from the extrapolation based on the Levy-Tsallis fit. They range from about 7% for p T = 1 GeV/c to 20% for p T = 5 GeV/c, and exceed 30% for p T > 5 GeV/c, representing the major source of systematic uncertainty for the measurement of the nuclear modification factor. The interpolated cross section, which refers to the rapidity range 2.5 < y < 4, was finally scaled to the forward and backward rapidity windows 2.03 < y < 3.53 and −4.46 < y < −2.96, considered for the analysis of the p-Pb data. The relative scaling factors f fwd = 1.135 ± 0.031 and f bkw = 0.850 ± 0.028 were evaluated as an average from simulations with PHOJET and the Perugia0, Perugia11, ATLAS-CSC and D6T PYTHIA tunes. In doing so, we also retained the PYTHIA tunes which were observed to fail in describing the pp data (see Section 4.1.1): the reason is that the disagreement between models and data concerns in this case the absolute normalisation more than the shape of the kinematic distributions, which is the only relevant feature in the evaluation of the f fwd and f bkw factors. The uncertainties (amounting to about 3%) correspond to the differences between the considered MC predictions. The numerical values are reported in Table 5 . The nuclear modification factor R pPb as a function of p T is shown in the two panels of Fig. 6 for the backward and forward rapidity regions considered in the analysis. The numerical values are also quoted in Table 6 . For each p T interval, the systematic uncertainty detailed in Table 7 results from the quadratic sum of the uncertainty on the φ cross section in p-Pb and the one of the pp reference. A rising trend of R pPb when going from p T = 1 GeV/c to p T ≈ 3-4 GeV/c can be observed both at backward and forward rapidity. The values of R pPb in the two rapidity ranges, however, are significantly different. In particular, at backward rapidity we observe an enhancement of the φ cross section with respect to the scaled pp reference peaked around p T = 3-4 GeV/c. This enhancement, absent in the forward rapidity region, reaches a factor of up to ∼ 1.6 and could be associated either to an initial-state effect (including a possible Cronin-like enhancement [4, 53] ) or to a final state effect related to radial flow in p-Pb as proposed for recent ALICE measurements at mid-rapidity [12] . Discriminating between these two effects requires more detailed investigations, including differential analyses as a function of global event properties like collision centrality.
Concerning the behaviour at high p T , we observe that the φ-meson R pPb is compatible with unity for p T 4 GeV/c in the p-going direction, similar to what was observed for the R pPb of charged particle production at mid-rapidity [10, 12] . The observations in the Pb-going direction do not allow a clear trend of the R pPb factor at high p T to be established. A possible saturation at considered in the analysis. Error bars and boxes represent statistical and bin-to-bin uncorrelated systematic uncertainties, respectively. The blue box on the left represents the bin-to-bin correlated systematic uncertainty, see Table 7 . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Table 6 Nuclear modification factor R pPb in p-Pb collisions at
TeV for the φ-meson as a function of p T in the backward and forward rapidity regions. The first uncertainty is statistical and the second is the bin-to-bin uncorrelated systematic. The bin-to-bin correlated relative systematic uncertainty is 8%. Table 7 Systematic uncertainties (in percent) contributing to the measurement of the φ cross section and nuclear modification factor in the backward and forward rapidity regions in p-Pb collisions at 
Conclusions
We have presented results on φ-meson production in the dimuon channel in p-Pb collisions at √ s NN = 5.02 TeV obtained by the ALICE experiment at the LHC. Cross section and nuclear modification factor measurements were performed for 1 < p T < 7 GeV/c in the rapidity windows 2.03 < y < 3.53 (p-going direction) and −4.46 < y < −2.96 (Pb-going direction). A corresponding cross section measurement in pp collisions at √ s = 2.76 TeV has also been reported, for 1 < p T < 5 GeV/c in the region 2.5 < y < 4. Predictions from HIJING and DPMJET are compared to the p-Pb cross sections and are found to underestimate the data both at backward (by about 18% and 57% on average, respectively) and at forward rapidity (by about 5% and 9.5% on average, respectively).
The forward-backward ratio in the φ-meson cross section in p-Pb collisions was measured in the rapidity range 2.96 < |y| < 3.53, and no significant p T dependence was found within uncertainties. In this case, the data points are significantly overestimated by the DPMJET model, while only a slight disagreement is observed with respect to the HIJING prediction.
In the p-going direction a rising trend of the nuclear modification factor R pPb is observed from ∼ 0.5 to ∼ 1, when going from p T = 1 GeV/c to p T = 4 GeV/c. This observation is compatible with the behaviour of charged particles at forward rapidity at RHIC energies, and at mid-rapidity at LHC energies. In the Pbgoing direction, on the other hand, an enhancement is observed for R pPb , reaching values as large as ∼ 1.6 around p T = 3-4 GeV/c. An interpretation of these results, either in terms of an initialstate (Cronin-like) effect or a final-state effect related to radial flow in p-Pb, is not possible yet, due to a general lack of theoretical predictions for particle production in the light-flavour sector at forward rapidity in p-A collisions at the LHC energies. L. Calero Diaz
